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INVESTIGATION OF SEPARATION OF THE TURBULENT BOUNDARY LAYER1

By G. B. SCHUBAUEE andP. S. hBB4XOFF

SUMMARY

An inmwtigation was conducted on a turbulent boundary
layer n-eara ~moothsurface uriii%pressure gradientg euj%cied
to cause jlaw separation. 5!%eReynolds number was high,
but the speeds were entirely un-thi~ the incompressible jlow
range. The inredigation mn8&d of mewurements of mean
jlmu,threecomponenh of turbulenceintensity, turbulentghearing
strew, and correlations between two jluetuation Oomponentgat
a. point and between the mrne component at di~erent punk
The results are giren ~n the form of tables and graphs. T%e
disru8&n deals j5rst with 8eparation and then with #h+?more
fundamental question of basic conceptg of turbulentjlo-w.

lNTRODUOTION

In 1944 an experimental inwstigat-ion me begun at the
Nrational Bureau of Standmxls -with the cooperation and
financial assistance of the National Advisory Committee for
Aeronautics to learn as much as poss.ible about turbulent-
boundary-layer separation. Considering that previous ex-
perimentation had been Iimited to mean speeds and pressures,
it was decided that the best way to bring to light new in-
formation was to investigate the turbukmce itself in rdation
to the mean properties of the Iayer. Since lit-tiewas known
about turbulent, boundary layers in kge adverse pressure
gradients, the investigation -ivasexploratory in nature and
was pursued on the assumption that whatever kind of
measurements that could be made on turbulence and
turbtient processes would carry the investigation in tlie
right direction.

The investigation was therefore long range, there being no
nat”til stopping point as long as there remained unknowns
and means for investigating them. The decision to stop
crone when it-was decided that the more basic properties of
turbulent motions, such m production, decay, and diffusion,
which form the subject of modern theories, could better be
investigated first without the effect of pressure gradient.
The experimental work on separation was therefore halted
after a certain fund of information had been obtained on
turbulence intensity, turbulent shearing SW, correlation
coefficients, and the scaIe of turbulent motions.

Use was made of the resuha from time to time as they
could be made to serve a particular purpose. Certain of the
results have appeared therefore in references 1 to 3. It is
no-ivfelt that the results should be presented in their entirety
for what they contribute to t-heseparation probkm and to
the understanding of turbulent flow, even though they leave
many questions unanswered.

The authors wish to acdmowledge the active interest and
support of Dr. H. L. Dryden during this investigation and
the assistance given by Mr. ‘Wliarn Squire in the taking of -
observations and the reduction of data.
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SYMBOLS

distance aIong surface from
point

forward stagnation _._..

distance nornd to surface measured from
surface

direction perpendicular to zy-pkne
mean velocity in boundary layer
mean velocity just outside boundary layer
mean velocity just outside boundary .kyer at

x=17X feet, used as reference mdocity
y-component of mean velocity in boundary layer”
z-, y-, and .womponents of turbulent-dotity

fluctuations
root-mean-square wdues of u, o, and w
density of air
kinematic viscosity of air
pressure

ties-stream dynamic pressure
()

: pU12

free-stream dynamic pressure at ;= 17X feett

(;PU.2)
turbulent shearing stress (— P71F)
mean wdue of product of u and o
coefficients of turbuIent shearing stress

skin friction

coefici-tofshhictiOn(”~/*’u~)
boundary-layer thickness
bcundary-layer displacement thickn=

(r(%)+
boundary-layer momentum thickness

(s0%(’-$%)
boundary-layer &ape parameter (6*/8~
scales of turbulence

—
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R, transverse correlation ‘“ cO-&fEcient”(uluJul’ua’,

where subscripte 1 end 2 refer to positions VI
and gz)

R= longitudinal correlation coetlicient (UNLJW’UZ’,
where subscript 1 and 2 refer to positions xl
and z-J

APPARATUS AND TEST PROCEDURE

The setup for the investigation was arrangecl with two
things in mind: (I) The Reynolds number was to be as high
m possible and (2) the boundary layer was to be thick
enough to pemit reasonably accurate measurements of all
components of the turbulence intensity and shearing stress
by hot-wire techniques which were known to be reliable.
Since this required a large setup;”the 10-foot open-air &d
tunnel at the National Bureau of St.indards was chosen,
and a wall of airfoil-like section” shown in figures I and 2
was constructed in the center of the test section. The wdl
was 10 feet high, extending from floor to cei.hng,and was 27.9
feet long. It was constructed of %-inch Transite on a
wooden frame, and the surface on the working side was
given a smooth finish by sanding and varnishing and, finally,
waxing and polishing. The profile was chosen so that the
adverse pressure gradient on the working side would be
sufficient to cause separation and yet have sufliciently small
curvature to make the pressure changes acro~ the layer
negligible.

. . .

Since the separation point was found @ be very close to

FIGt7Rm1.—Front view of “boundary-h:& wall” In XBS 10-fcmtopen-airWnd tunnel.
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the trailing edge, a blister was constructed on the tumwl
wall to move the separation point upstream to the location
shown in figure 2. At the outset there was troulhaomc
secondary flow from premature separation near the floor
and, to a lesser degree, near the ceiling. A vent in the floor
allowing air to enter the tunnel and blow away the twcumu-
lated dead air afforded a satisfactory remedy. The flow
was then two-dimensional over the central portion of tho
wall from the leading edge to the separation point.

A ste~ply rising pressure, caused by the small radius of
curvature of the leading edge and the induced angle of
attack, produced transition about 2 inches from the lmding
edge. The boundary layer was therefore turbulcnt ovtr
practically the whole of the surface and, over tho region of
major interest, ranged in thickne= from 2% inches at 111o
17)4-foo~,position to 9 inches at the separation point. All
measnuwnentswere made with a free-stream speed of about
160 feet per second at the.17%-foot position. The hnmdary-
layer thickness at 17% feet was equivahmt to thwt on u fluL
plate 14.3 feet long with fully turbulent lnycr nml no prmsuro
gradient, and the flat-plate Reynolds number Correqxmding
to 160feet per second was 14,300,000. The speed WMdwnys
adjusted for changes in kinematic viscosity from day to day
to maintain a fi..ed Reynolds number throughout the mtirc
series of.measurements. The turbulence of tho free st.ream
of the tunnel was about O.5 percent.

All measurements were made at the midsection of the
wall, where the flow most closely approximated two-dimen-
sionalhy, and on the side labekd” Working side” in tigum 2.
While the measurements extended over a considerable
period of Lime, there was no evidence from pressure and
mean-velocity distributions that the gcomct ry of the wall
changed. There was, however, considerable scattw in Lho
turbulence measurements from day to day, some of which
was clue ta inherent inaccuracies assmiatwl with hot-wire
measurements, ancl some of which may have been caused by
actual change9 in the flow. Tho results therefore do noL
lend themselves to a determination of dflcrmtial chtingcs
in the x-direction with high ~ccuracy. It wns the int.cntion
to obtain. results applicable to a smooth surface; therc[oro
the surface was frequently polished and kept clean at M
times. However, because of the Lexturc of tho Transite,
the surlace could not be given a mirrorlikc finish equal b
that of a metal surface.

Considerable emphasis was placed on tho precise determi-
nation of the position of separation. A method wus finally
evolved whereby the line of separation and the direction of

-.
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the flow at the surface in the neighborhood of this line could
be found. This consisted of pasting strips of -dite cloth on
the surface with a starch solution. Small crystals of iodine
were then stuck to the strips. Blue stieaks on the starched
cloth then showed the direction of the air flow. By this
means separation could be located with an accuracy of +2
inches. InitialIy the hne of separation was nowhere straight,
but, after the removal of some of the reversed flow near the
floor by the Tent previously meht.ioned, the line was made
straight for a distance of 2 feet in the center ancl -waslocated
25.7 +0.2 feet from the leading edge.

The pressure distribution was measured -with a static-
~ressure tube 0.04 inch in diameter, constructed according
to t-heconventional design for such a tube. Mean dynamic
Treasure was obtained by adding a total-pressure tube of the
same diameter but flattened on the end to form a nea.rl.y
rectanguhr opening O.012inch wide.
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The hot-wire equipment used in the investigation of tur-
bulence has been fully demribed in reference 1, and it stices
here merely to call attention to the manner of operation
awl the performance of the equipment. The thick boundary
layer made it po=ible to obtain essentially point measure-
ments without having to construct. hot-w-ire anemometers
on a microscopic scale. The several types used are shown
in figure 3. The Xc-inch scale shows the high magnification
of types A, B, C, and D. A complete holder is show-nby E “–
with the inch scale above. Heads of type A were used for
measuring u!, those of type B or C were used for measuring
turbulent. shearing stresses, and those of type D were used
for measuring J and w’. In use the prongs pointed directly
into t-hemean -wind. . .—

‘When the head of type C was used for measuring shearing
StFeeaFan observation of the mean-square sigmd from each
of the wires was necessary. A sindar pair of obserwitiob

,-----
-1 ---
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?’mmE 3.—Tyues 0[ hot-wire anemomMersand cornpIeteholder usedh hmesstion
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was neceesary when using type B, but with ody one wire the
head had to be rotated through 180°. Since it was usually
difhmlt to execute this rotation by remote control, most of
the measurements of shearing stress were made with the
head of type C.

The hot-wires themselves, shown at the tips of the prongs,
were tungsten 0.00031 inch in diameter. P1atlinumwire
could not be used because the air was taken into the tunnel
from outdoura and platinum tires were broken by flying dirt
particle9. The diameter of 0.00031 inch was the smallest
obtainable in tungsten at the time, and the length could not
be reduced below about X6 inch and still maintain the re-
quired sensitivity. In all cases the. boundary-layer thick-
ness was at least 25 times the wire length.

The uncompensated amplifier had a flat response &m 2
to 5,000 cycIes per second and an amplification decreitsing
above 5,000 cycles per second to about 50 percent at 10,000
cycles per second. The time constant of the wires ranged
from 0.001 to 0.003 second, depending “on operating coridi-
tions, and the over-all response of wim and arnpMer could
be made equal to that of the uncompensated amplifier by
means of the adjustable compensation provided in the ampli-
fier. However, with this relatively high time constant, the
background noise levcl was high and had to be subtracted
from the readings in order to obtain the true hot-wire signal.

The methods of determining u’, o’, w’, G, and ~tu’v’ are
fuIIy described in reference 1. The determination of l?, and
R. involved the use of a pair of heads of type A, separated
by known distances normal to the surface for R, and along
the tangent to the surface for R=. The “sum-anddiiTerence”
method described in reference 4. was used, account being
taken of the inequality of u’ at the two wires and the dit?er-
enc.csin sensitivity.

The several measuring heads were mounted on various
types of traversing equipment designed for convenience,
rigidity, and a minimum of interference at the point where a
measurement was being made.

TEST RESULTS

The results of the measurements are given in tables I.la
8 and figures 4 to 14. Figures 15 to 22-re@it certain of the
results to aid in the analysis.

The tabulation is made to present d of the detail cont~incd
in the measurementsand to make the rwults readily available
to any style of plotting that suits the reader’s needs. Figures
4 to 14 are summary plots intended to show an over-all
picture rather than detail.

PRESSUBED~TItlBUTION

The values g@en in table 1 and figure 4 were obtained from
measurements of pressure with a small static-pressure tube
placed }4inch from the surface at various positions along the
midspan. TIM tube was also traversed in the y-direction,
from which it was found that changes in pressure across the
boundary layer were barely detectable in the region from
z= 18 to 23 f~t and were not measurable elsewhere. The

pressure.iathereforeregarded as constant across the boundary
layer, and all of the information on pressure gradient is
given by the variation of gllq~ with z.

.
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MEKS-VELOCI’L’Y DISTBIB~OA-

Mean =relocities were obtained horn dynasnic-pressure
measimments made at various distances V. No correction
was made for the effect of turbulence. The distributions of
mean ve~ocity are given in table !2 and summarized by the
contour plot shown in figure 5. From these dati wwe
derived the values of 8*, &and ZTgiven in table 3 and @e 6.
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The distribution of mean velocity is plotted in figure 7 in
the manner suggested by JTon Doenhoff and Te ten-in in
reference 5. If H is a univemaI parameter specifying the
boundary-layer, profle, the curves 01 figure 7 should agree
in all detail with those of figure 9 in reference 5. The agree-
ment is good, although there are systematic differences
dightly greater than the experimental dispersion.

TURBULENCE INTENSITIES

The turbulence intensities are gimn in table 4 in terms of
U’/U], d/Ul, and W’/~1. They are summarized in figures 8
to 10 in terms of u’/U~, v’/U=, and wt/U~ in order to show
changes in the absolute magnitude of the fluctuations. As
desired, u’, v’, and w’ may be expressed in relation to any

of the mean velocities U, ~1, or CT~by the aid of tabh% L
and 2.

...-
4WEFFICIENT oF TURBULENT 8iiEARING .5mu3ssAND

u=-CORRELATION COEFFICIENT

The diiectly observed quantity G has been expressed
nondimensionally in terms of n, codlicicnt of tmrbulci]t
ahearing stress

c,l=~ .—

cm=~a --
m

The choice of coefficients is arbitrary, and C,l is MJultited
in table 5 whiIe contour plots for ~,~ arc given in figure 11. -
The choice of C,~ for the figure was made becnuso it was
desired to show an over-all picture of varin[ions in r indc-
pendent.of variations.in mean velgcity,

The vahws of the correlation coefficient iiZ/u’L~’ arc given
in table 6 and figure 12.

CORRELATION COEFFICIENTS R, ANI) R.

The correlation coefficients RPand R. express the c.orrrla-
tion between values of u at the same instant at two different
poin~. This correlation between points separated by dis-
tance9 in the direction of the IocaI normal to tho surface is
expressedby RU,and the correlation between points scp~rated
by distances in the direction of the local t.angcnt to the sur-
face is expressed by R=. Tkc directions were normal md
tangent.kj.to streandines only when the local mean direction
of the flow was tangent to the surface. Tl%cre the boundnry
layer was thickening rapidIy, as near the separation point,
the flow ~ii the outer portion of tho boundary layer htid a
greater radius of curvature than the surface and the dircciion
was not tangent to”the surface. In such regions, th~~rcfor~,
R. and l?= C1Onot conform strictly to tho couvcntional defi-
nition of such coefficient.

~alues of R, are given in table 7 and -dues of R. are given
in table 8. Figures 13 and 14show represcmtativc correlation
curves imorder to give an idea of the d$t.anccs over which u
is correlated compared with the boundary-layer thickness.

It will be noted that a correlation exists over much of the
boundary-layer thickness. Wqth the region near sepnraticm
excluded, fluctuations at the center of the laycr arc rda (W1
to those everywhere else in the same sectiou. TJn(lcrsuclt

conditions a small negative correlation is found between
points in the layer and those outside.,as shown in figure 13.
Subsequent measurements in a bounchwy layer with approxi-
matdy one-teuth of the free-stream turbulence hmvoshown
no effect of the free-stream turlndenco on tho magnitude of
the negatiye correl~trion. An exphmation of this ncgntive
correlation on the basis of continuity requircmcd.s is offrrcd
in reference 3.

From tables 7 and 8 one may calculata integral smdcs
defined by

,,
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~=~=Rndy .

~=~”Rzdz

These are not given here because it is felt that the qualitative
concept. of scale obtained from figures 13 and 14 conveys
about as much physicaI significance to scale as is possible
a-tpresent.

DISCUSSIONOF RESULTS

MECHAS~~OFSEPAEA~ON

The separation point is defined as the point where t-he
flow next to the surface no longer continues to advance
farther in the downstream direction. This redts from a
faihme of the medium to have sufficient energy to advance
farther into a region of rising pressure. Certain chmacter-
istics of the mean flow serve as a guide to the imminence of
separation. For example, the shape factor H can be expected
to have a value greater than 2. In the present experiment H
was found to have the value 2.i at the separation point,
comparing welI with the value of 2.6 gimm in reference 5.

The ernpirkd guides, however, give little ineiiht into the
physical factors involved. Separation is a natural conse-
quence of the 10S of energy in the boundary layer, and the
burden of e@mation rests rather with the question as to
why separation doea not occur at all times at a pressure
minimum. At the surface the kinetic energy of the flow is
everywhere -mr&h@4y small. At a pressure minimum the
potential energy is a minimum, and the air at the surface,
having a vanishing amount of kinetic energy to draw upon,
could ne~er advance beyond a pressure minimum without
recei~ energy from the flow farther out. The necessary
transfer is effected by the shearing stresses.

It is a well-known fact that viscous shearing stresses axe
so small that lmnhmr flow can advance but a little distance
beyond a pressureminimum. In contrast with this, turbulent
shearing stresses can prevent separation entirely if the mte
of increase of pressure is not too great. This emphasizes an
important fact; namely, that when separation has not oc-
curred, or has been delayed to distances well beyond the
pressure minimum, as in the present qeriment,, viscous
stresses play an insiggcant rde in the prevention or delay
of separation.

Turbulent shearing stresses aIso determine the magnitude
of shearing stresses in the Iarninai sublayer by forcing there
a. high rate of shear. This, in fact., gives boundary-layer
prdes the appearance of near slip flow at the surface.
Thus, turbulent stresses dominate all parts of the boundary
layer. Viscous effects in the Imninar sublayer and eIsewhere
still play an important role in determining the existing state
of the turbulence. However, in dealing with the effects of
turbulence, and not with the origin of turbulence, effects of
viscosity can be negIected.

At the high Reynolds numbe~ of the present experiment
the lsminar “sublayer was extremely thin and was never
approached in any of the measurements. At the 17%-foot
position at 0.1 inch from the surface the turbulent shearing
stress was 190 times the viscous shearing stress. ‘Con-
sidering the low order of magnitude of the viscous stresses .
compared with that of the turbulent stresses, t-heequations
of motion may be closely approximated by irduding only
the Reynolds stresses,and may be written

(1)

(2}
.——

TThileall terms in equations (1) and (2) have.been. measu-
red, they have not been measured with sufficient uccuracy “
to test the adequacy of the equations. The relati~e impor-
tance of the terms in~olv@ ReynoMs stresses depends on
location in the boundary layer. The normal stresses p~
and p~ are pressures and their gradients make merely small
contributions to bp~z and bppy. Amorg the Reynolds
stresses the shearing stress is the more important quantity
and, accordingly, attention is de~oted to it-.

It is easy to see qutditatively on phyeical grounds how the
shearing stress must be distributed acrossthe boundary __
layer. The shearing stress is ahvays in such a direction
that fluid layers farther out pull on layers farther in. TThen ._
the pressure is either constant or fahg, d pull is ultimately
exerted on the surface. Therefore the shearing stress must
be at least as high at the surface as it is elsewhere, and it
would be expected to be a mtium there, as it must falI
to zero outside the boundary layer. men the pressure is
rising, part of the pull must be exerted on the fluid near the
surface that.has i.nsuflicientenergy of its ovin to advimre to
regions of higher pressure. In other words, the fluid in
such layers must be pulled upon harder than it pulls upon
the layer next nearer the surface. This means that the
sheariog stress must have a maximum away from the
surface in regions of adverse pressure gradient.

Representative observed distributions are show-nin figure
15. It wil be seen that the maximum shear stress de-relops
first nem the surface and move progressively outward. The
region between the surface and the maximum is recei~
energy from the region beyond the matium, the rate

~< Thus the fallper unit volume at each point being aw.

in the aheming streea toward the surf~ce, producing a
positive slope, is evidence that the shearing stress is acting
to prevent separation It is clear then that a falling to
zero, as for example the curve at z=25.4 feet, is not the
cause of separation. It is rather an indication that the
velocity gradient is -wishing at the surface. This means .,. .
that the velocity in the vicinity of the surface is vanishing
and that a condition is developing in which no energy can be “-””
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FIGUEB16.–DMrtbut1on of coefflctentof turbulent shearingsw wow Imurldsry laya.

received. ll%en this condition is fuMlled, the fluid can
move no farther and separation has occurred.

The initial slope of the curves in figure 15 is given by
equation (1), which becomes, when &=O:

(3)

A theory of the distribution of shearing stress based on
the inner boundary conditions i3%@&=0 and equation
(3) and on the outer boundary conditions ~=0 and bT@~=O
at y=d has been given by Fediaevsky (reference 6); The
agreement between Fediaevsky’s theory and experimental
values from the present investigation was fair at the 17Jf&foot
position and excellent at the 25-foot position, but elsewhere
was poor. TWO examples of the a~eement are given in
figure 16. The Fediaesvky “theory, which defines merely
how the curves shall begin and end, either loses cent.rol
over the middle portion or ignores other controlling factors,

Since equation (3) speciflea the initial slope, it is an aid in
finding the skin friction by the method of extrapolating the
distribution curves to y=O, The values found in this way
are given in figure 17. As would be expected, the skin
friction falls to zero at the separation point. Tho lack of
agreement with values cahdated by the Squire-Young
formula (reference 7) is to be expected, as this formula does
not include the eflect of pressure gradient,

.of4 [ I I I i I I
———Fed[ieve&yfhecvy(k’e~e 6)
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FIGURE17.—Expsrfrucmtslvslues for cue50ient of skfn frktlon mmparsd with valuesmlcn-
Isted with Squire-Young formuI&

The foregoing d&cussionhas simpIy descrilmd the shearing
stress in the light of the present experiment and pointed out.
the role of shearing strew as an energy-transferring agent.
While these phenomena are charactmiztic in every m-!vcrso
pressure gradient, the form of the shearing stress and also
the velocity profiles will be different for different. pressure
distributions. The present experiment gives merely ouc
example.

ORIGIN OF TURBULENCE AND TURBULENT SHEAIUNG STRBSS
,,

‘Me discussion of origin of turbulence and turbulent
shearing stress tvti be basecl on concept9 that htkvcsuper-
seded the older mixing-length theories. Unfort,unfitdy,
experiments have not kept pace with ideas and tho con-
cepts have not yet been fully verified.

In recid years definite ideas lmve ttikenshape regarding
the decay of turbulence. These stem from an observation
mado by Dryden (reference 8), namely, that. the rnt& of -
decay of dtierent frequency components in isotropic tur-
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buknce require that the higher-frequency components”gain
energy at the expense of the lower-frequency components.
It- has now become generally accepted that decay involves
a transfer of energy from larger eddies to smaller eddies by
Re.ynokls stresies when the Reynolds number cham.ckristiq
of the eddies is suf6ciently I@. This idea forms the
physical basis for modern theories of isotropic turbulence
(for example, referenc~ 9 to 15).

Information about turbulent flow points more and more
to the conchsion that the concept is basic and may be
carried aver to shear flow. (See, for example, Batchelor’s
discussion of KoImogoroff’s theory, reference 0, and Town-
send’s discussion, reference 16.) The general idea may be
expressed as follows: The bighegt Reyoolds number is asc-
ciated with the mean flow, and here the mean ‘Reynolds
stresses transfer energy to the flow system comprising the
next smaller spatial patte~ for example, the largest eddies.
This second system invohws other Reynolds stresses which
in t-urntransfer energy to smaller systems sad so on through
a spectrum of turbulence until the Reynolds number gets so
low that the dissipation is compIeted by the action of
risocsi~ done. The evolution of heat by the action of
viscosity is small for the krger systems and gets progressively
greater as the systems get smaller and smaller, with a
-weightingdepending on some Reynokls mimber charackriz-
ing the whole sys~ say, a Reynolds number based on the
outside -relooity’ and the boundary-layer thickness. The
higher the Reynolds number the more is the action of vis-
cosity confined to the high-frequency end of the spectrum.
Thns at snfliciedy high Reynolds numbers the action of
viscosity is not only removed from the mean flow but also
from all but the smaller-scale compo~ents of the turbulence.
An exception must, of course, be made for the Iaminar sub-
layer, and the Iikelihood”that this is a wdid picture increases
with distance from the surface.

These ideas then m-ght be regarded as describing a tentat-
ive model of a turbulent boundary layer to be examined
in the Iight of experiment. The model ~, of course, con-
ceived only in general outIine and qhould not be assumed
the same for all conditions.

-The rate of removal of kinetic energy per unit vohune
from the mean flow by Reynolds stresses is given by:

This energy goes directly into the production of turbulence.

The term Z% ~ wdl generally outweigh the others, but in

order to see &e relative magnitudm near separation the
terms in expression (4) were’ calculated for t-he 24.&foot

position. The term u?I a: was found to be negligible. The

other terms within the brackets tcget-he.r-rriththeir sum me
212637-u~5
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Rfght ordinate tie to be usedonIF for top onrre. .-

&own in figure 18 divided by U.3. It-is seen that the temn
au

ZZ — is still the Iarge& and therefore remains the most
by

~iporhmt contributor to turbulence.
The distribution of turbulence energy is also given in

figure 18. !Il&. shows a maximum energy content. where the
rate of production is the greatest; otherwise the comparison
has no particuhw significance. Such ecinciclence is not re- ._
quired and is not fowid fart-her upstream. Data are not
available for establishing the balance between production,
diilusion, ccnvectio~ and clkipation of turbulence energy.

It is clear that the turbulence exists because of the RPy-
nolds stresses, and it is self-evident that the norrmd stresses
p~ and p~ exist because of the turbulence, but the source of
the shearing stzees PuT is not apparent without further
examination.

.

(5)

where tifu’v’ is the correlation coeilic.ient, it is seen that r
depends on the correlation and int&sity of u and v. K a
flow is turbulent without, a gradient in mean velocity, there _
can be no mean shearing stress and therefore no mean ccrrela- __
tion between u and u It is apparent then that a gradient
is necessary to produce a correlation, and one might expect
to find %~u’r’ proportional to dU/dy. From figure 12 it ‘
appears that @u’# shows tao litt@ variation across the _
boundary layer to be proportional to the local va.Iueof the
mean-~elocity gradient. To apply a more direct test, “
~@’u’ was plotted in figure 19 against the mean local
gradient. Obviously ti}u’r’ cannot be regarded as propor- -
t.ional to (8/~1) (dU/dy}, and, what is more, it becomek ‘— ““-
independent of the load gradient for a wide range of values

of (6/uJ (du/dy) .
-—



698 REPORT 1080- NATIONAL ADVISORY COMiITTEE FOR .4ERONAUTICS

./

r I I I I 1 I I I I I
o .1 .2. .3 .4 .5 .6 .7 :8 .9 Lo

FK?URE19.—ReMlon betwea ‘~Iatkm uxflictent and load meowielodty grdknt.

;bsuming the corrcctne-ss of the ooncept of transfer of
energy from larger to smaller ffow regimesj’ it is seen that
energy flows into turbulence mainly by way of the largest
eddies, and it is then mairdy these that account ~, the”
average shearing stress, Returning, to figure 13, it 1s.seen
by the curves of R. that the turbuIent motions are correlated
over much of the boundary-layer thickness up to the posi-
tion .17=23 feet and are still correlated over a considerable
portion of the thickness at Iarger values of x. The extent
of the RH-correlationis roughly a measure of the ~~tent of
the largest..eddies. This means that the correlation coef-
ficient fi/u’u’ arises from those components of the turbu-
lence thab extend over much of the boundary-layer thickness,
and the correlation between u- and, v-components of such
a motion would be expected to depend on the mean-velocity
gradient as a whole rather than upon the local gradient
at any one point. Large mean gradients exist near the sur-
face without producing correspondingly large correlation
coefficients in the same locality, and it appears that the
correlations here are very likely fixed by some over-all
effect. If an over-all veloc.ity gradient is represented at
each position by UJCT~divided by & and this is used as the
independent vmiable in figure 20 to cross-plot. vaIues of
~v/u’v’ taken from the flat portion of the curves in figure
19, a definite proportionality between these tw~ quantities
is found. This bears out the foregoing argument.

Figure 21 was origi.mlly prepared to test one of the equa-
tions of state in Nevzgljadov’s theory (reference 17), whit.~
expresses the shearing streesas proportional to the turbulent
energy per unit volume and the mem-velocity gradient.
The theory is not.supported by the resultsfor the same reason
m thtit mentioned in connection with figure 19. In fact,
shearing stress per unit energy is much like the cor@~tion
coefficient and would be two-thirds of G/u’o’-if u’, D’, and w’
were all equal. The similarity between figures 19 and 21
is therefore not surprising. The hairpin loops in the curves
in these two figures apparently result from the distribu~ion

.

FIGCREZO.-Relatkm between ‘~rreiatlon metllelent near surfaceand general nmsn.
Yeloc[ty uradleot. .

—.—

$$sO=-l
FmrP.s 2L—Relstkm between shedng stiesdper unit SUWKYof turbuleneoand local mcmi-

veloclty gmdlent.

of shearing stress imposed by the adverse pressmrrgrdic~l t..
Figure 22 emphaaizw the great differeure Mweeu turlm-

.lent. shear flow and lammar shear flow. In lmninrtr flow
,,

the shearing stress is diiectly proportional to the locnl
velocity gradient. In turbulent flow, showu in figure ~?,
the shearing stressmay rise abruptly for scarcely my change
in the local velocity gradient and again fall with increasing
velocity gradient. This illustrate Lhe diflicdty of ndopt-
ing the concepts of viscous flow in turbukmt flow. TILr
difference probably mises because turbulent phwwmeua,
unlike moleeukm phenomena, are on a scflh? of space and
velocity of the same order as that of the mew flow. ~.
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The tentative picture in, the form of the modeI preti-
OUSIFdescribed is stallspeculative and probably oversimpli-
fied. It has, however, received support in the present
experiment, perhaps as much as could be expected horn
over-all measurements embracing the entire frequency
spedrum. Observations of these same quantities as a.
function of frequency would be much more informative,
but. “unfortunately the experimental conditions in an open-
air wind tunnel disco~~ed work of this sort,. Other types
of hot-tie measuremats, such as those described by
Townsend in reference 16, would be of as great due in
probing for the true picture of a turbulent boundary layer
as they were in bringing to light phenomena in the turbuIent
wake of a qvhnder.

The present modeI is but an extension of the concepts
required to explain the spectrum and decay of isotropic
turbulence. However, in going from the relative simplicity
of isotropic turbulence to boundtwy-layer turbulence many
new factors are introduced. Distance from transition
point, pressure gradient, curvature, and surface roughness
doubtless affect detaiIs and rna~ have profound influences.
It must be left to future eirperimtmtsand theory to fill in
the gaps, and when this has
gken herein -ivilIhave more

been done perhaps the data
meaning than they have at

present. It- is with this thought in mind th~t the data are
given in tables, in which form they are the more readily , __
a~ailable for new uses.

CONCLUDING REMARKS

Certain measured characteristics of a separating turbulent ~-
boundary” l&yer have been presented. The average charac-
teristicsare mean veIocity, pressure, and the derived parame-
ters, displacement thickness, momentum thickness, and shape
factor. The turbulent characteristics comprise intensities,
shearing stresses, transverse correlations, longitudimd come- .......
Iations, and correlations between two fluctuation components
at a point.

The results have been discussed, first? in connection with
what they reveal about separation and, second, in connec-
tion with what they reveal about the nature of turbulent
boundary layers. The modern concept of energy transfer
through a spectrum y-as derided to the turbulent boundary
layer. The resulting model of a turbuknt boundary layer
was supported by the results. This together with the sup-
port horn theory amd ~xperiment in isotropic turbulence
makes it appear that the model may be a. very nseful one
for guiding future experiments.

It is seen that t-he investigation of separation of the -
turbulent boundary layer had to go beyond the mere investi-
gation of separation. The real problem is the understanding
of the mechanics of turbulent. shear flow under the action
of pressure gradient-. The solution of tl& problem depends
on the understanding of t-hemechanics of turbulence, and in ._

I this only rudimentary begimings ha~e been made, ..

lJATIOXn BUREAUOF STA~rrmms,
TFASELIXGTOX,D. C., June 1, 1949.
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TABLE 4.—TURBULENCE INTENSITIES
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TABLE 4.—TLIRBL-LEXCE INTENSITIES-CkmcIuded
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TABLE 5.—COEFFICIENT OF TURBULENT SHEARING STRESS
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H=STIGATION OF SEPARATION OF THE TURBULENT BOUNOMW LAYER
.

TABLE 5.-COEFFICIENT OF TURBULENT SHEARING STRES%CmcIuded
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TABLE 6.—=-CORRELATION COEFFICIENT
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1.w

1.B .46
I.MO

L 76
.4i .

::
L ml .42

1.76 .46
2.m

1.75
.42 2’03 .44 -

2.25
2.00

2%
‘ ::

2.M
225

:%
.39

g “.
z 75

250
.14 ;.%

.87

Z.al
276

.@4 .l~ :
.81

afm
t%

.27’
. . . . . . . . ..02 ,.” 3.26 .18
---- -.. . ..— “--- 3.w .07

*

r=2Lb ft Z-2N ft 2=.24,5”Q I=2tL4 ft
———

(f%
~fu:tf

d.)
G/u’r’ (L) Z/u’r’ &, Giu%$

-— ——

a IO a 42 &23 a32 0.25
.4<

azz Q25 a n
.3!3

:%
.26

“.45. 1:B .40 i%
.16

.75
.20

‘“’ .47
i%

.43
.24

1.m i%
.24

.47
Lfd .M

.44
1.25

k%
“..U

.87
.zta

-2.03
.42

.36

L 54 .48
-.41

8.U7
.38

.41 :% .43
1.76 .48 a.m

;E
.40 %Kl

.40

2fQ .47
.44-

4.m
?..Kl .41

.96
2.25

4.lxl 45
.47 4.m

4.02 .42
.30 &al .;.::42 4.&l

&m
.42

.21
:%’ :$

8s
:% :24 :$ ::

.42 _:-!_ .:, –..
kg

.19 &oo .42
.39 -., ----- --------

&m
::

.W ------- ------- ------ ““0
&ml .%

-— . . . .
3.76

7.00 .22
.26 .-.---.-- --..---- z------- —.--.-

Am
.18

.21 -------- --.----- -------- i_____ ;: 0
426 .12 -.---.-- -------- --------
4.m

-- ------- ------- - .- . . ..- .
.00 -------- ..- . . ..- ..------ 2 . . ..- -------- ---..--

L 75 0. ..------ -_.--.- --..-.- ------ ------ .— . . . .

—

.

.

. .:

.-

TABLE 7.—TRANSVERSE CORRELATION COEFFICIENT

----

...

*-17.5 ft :-20.0ft

#1=2.02k Y1-O.76h. Ul=l.olhl. HI-1.53h. n-z.m In.D’1=0.Q8fI.I.-

w’ R,

. .
R; R,R,‘w’ “w’ %3’ m

0.02
.07
.12
.17
.22
.22

:E
.62
.82
.92

LIE
-.01
-. CM
-.13
-.

:
~ 48
-. as

--: %
-L 34
-1.39
–1. 41
-1.48
–1.49
–1. 61
–1. 76
-L96
—-- —-.
-- . . . . . .
--. —...
—---.-
------

-

m’
ao5
.10
.16
.m

::
.33
.40
.46
,m
,64

::
.86

i:
L45
L 76

-. m
-. m
-. m

z:
-.
-. .H
>Ta
-.93

-La
-1.23
. . . . .
------

-.—.
-----
------

R, R,

-
.’flcg”

.12

.17

.22

.82

.42

.52

.u“

,
I18J

:;
.51

;;

:$
.12

0
-.040
–. w
–. m
o

–. OE@

8
.90
~

.82

.62

::
.a
.C@2
.076

.: g

:&
o

ak
:fi
.1!3
.24
.84
.44
.E4
.X

:84
.94

::
L24
L 34
L44

—.03
05

:10
–. M
-.
-. R
—.a.
-.“49
n. 53
—.83

+
—.
—.W

a 01
.07
.12
.22

:E
.82

ig

iz
L 82

-. m

:E
-.
-. %
-. 38
—,w
–. 49
—.62
—.6s

:;
-. 93

ao6
.84
.72

::
.41

::

:Z
o
0
.97
.6W
.84

;2
.38
#1

::
.16
.10
.(L58

-. . . ..-.
--------
. . . . . ..-
. . . . . . . .
-. . . . ... .,.

a 01
.02
.07
.11

‘ J;

.27

. al

.41

.47

.61

.67

.81

.87
1.m

lx
L27
L 41

-, 02

:~ -

:;””
—.

:%
-L W
–L 20
–L40
-La.
-I. 62
–L 82
-L W
-z fro-”... ,.
-

ao3
SJ

::
.33
.43
.62
::

1.18
L 33
1.43
L tu

—.02
-. 04

38

:.:
—.2s
-.
-:2
–. 70
-.71

a:

::
.s2 .

::
.27
.16
.10
.a54
.frm

:
.E2

%
.0s
.51
.W

::
.17
. 1s
.18

am
.=
:2
.36
:g

.23

.Z1

.ls

.11

.091

.YM

.fas

.018
0
.Q3,
.%
; ~“

.39

.62
. .

.;

.27

.17

.12
.lz
.K2
.aM

--------

aw
%
.72

:U
.47
.as
.32

:Z
.15
.10
. fq2

-: %
o
0
.R1
.82
:76
.67
.53
.4f.
.38
.24
.17
.16
.11
.10

:: ~
o

-..---—
--------

-..

(I.M
.82

:%

:%
.46
.34
.20
.15
.m

o
.98
.is
.65
.66
.46
.32
.24
.14
.m
.fn4
.W4
.042
.027
.ml
.016

:

0.91
.8a
.70

::

.% .

:3
.24
.24

::
.fxa
.038
.073
.m7

o

::

:%
.47
.24
.18
.12
.@
.“a3

o

--------
--------
--------
.-------
-.......
...-----
.-------
--------
-------

--------
........
........
........
....... .
.... ....
.....—
--------

---.--- -
--..—.-
........
.. --....
--------

..... ..
-.... ..
--------
---.--.-
. ...----

.........

.........

..... ...

.. -----

.........

.........

...----

.------
--------
--------

--------
,---

—-----
.......... .
,.—.._ +.-..”-

~

—-...-.
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TABLE 7.—TR&wm.msI3 tioRRELATION COEFFICIENT-Concluded

707

2=!23.6ft.Z=226 ft.

J’Z-2.82h. yl-am h m-wl h.UFL45 h.
.-- ..:

U,-O-83 h: #l=LI.w fm q’-L64fm .
———-.

*U1
m

-

%?’R,*?T
aca
::

.21

.61

.41

.61

.81
LOI
L21

;;

!201
Z41
-. m

::
-.
-. 3
-. 42
-. 66
-.

z
Zml
-L B
-L43
-La
-LS8
—.-..-,
---. —-.
--- ---—
.: —---

HId %!!m-m
(lnJ

R,

ae6
.s4
.79
.n

::
.49

:E
.16
.094
.U

!
A?J

.71

.eo

. m

.%

.2s

.18

.12

.15

.(M3

.mo

.042

.026

R, R,R,

0.01

:!
.2%
.38
.43
.63
.63

i%
L 23
L 43
La

kz
Zn
-.
-. E
-. u
-.21
-.
-.2
~. 61
-.81
-L 01
-L 21
-L41
.Lm
-LS1
-2 m
-2 m
-La
------

CL(I6
.e6
.79
.63
.62
.50
.41
.29
.18
.079
.IE3

o
-. 0%
-.16
-.11
0
.9i
.84
.i6
.72
.59
.50
.36
.m
.17
. M
.U
. ml
.0i6
.ctz?
.W

o
-------

am .
.Oi
.12
.17

%

% “

i:
1.22
L42

%
--
-. ;

:2
-.23

%%
-. s
L 03
L 07
L E
.L47
L 67
.1.87
-------
.-—-..

0.98
.91
.85
.n

:2

afr
g

.69

.65

.87

.22

.12

.M5

.&

.Ka
o
.m
.051

0

::

.30

.61

.39
{M
.22
.12
.00i
.07f
.m

o
0

O.m
.07
.12
.22
.82
.42
.62
.5?

i~
L2?

?:
L S2
2ft?
222
282
262
2.82

—.(?s
-.oi

:ti
-. 41
—.
—.:
—.El
-------

0.95
.s
.76
.64
.62
.42
.8i
.28
.28
.14
.12
. (IE5
.045
.049
.015
.016
.017
.018

0
.!37
.&i

:%
.30
.m
. IQ
.Ia

.-. .—.
--------

CLOJ

.11

::
.41
.M

i:
L2t

:~

281

%
—.02
—.

%
z 14
—.
—.E
—.41

ZR

ZE
-L34
-1.44
-L 63

0-96
.s2

:%
.54
.41
-24

:E
.10

:!3
.026
.029

0
0

::
.78
-70
.62
.52
.48
.27
.!M
.L9
.11
.12
.C@
.M2

Llg

.10

:%
.44
.60
.s0

.:;

:%

1%
—.02
—.w

ZE
—.24
—.
—.z
—.
—.t%
-L M
-L 24
-L 44
-L 64
-LE4
-2 w
-224
-244
-274
-292

M-J

.s0

.07

.56

.43

.30

.23

.19

.76

.(ET

. CQ4
o
0
.Q8
.@
-a
.Z
.6i
.69
.62
.84
.26
.19
.19
.14
Sr#

.m5

.024

.023

. C@6
o

(LQ2
.05
.10
.16
.m
.30
.40
.60
.00
An

i%
L40
L@
L 80

M
240
2Ea
--02
-.14
-.2A
-. a
-.ao
.. -—-
-------
-..---
------
. . . . . .
. . ..-.

a95
.S7

::

:E
;:

.%

.17

%2
.mi
.042
.m
.mz

o
0
0
. m
.72
.44
.Z
.16

-------
-------
. ------
-------

a OI

:!!
.16
.21
.81
.41
.61
.61
.81

1.01

H
1.61
1.aI
201
Za
251

~. H
–. 15
—. B
—. 35
-. 41
—. 45

:U
-L 11
-L M
-1.41

(l:

.m

.69

.123

.66

.46

.37

.%

.19

.14

.E?

.M3

.045

.IMI

.Ca
o
0
;~”

.73

.62

.49

.48

.40

.25

.14

.M2

.051

.031

..
... .

Y

--

-52

:%
-ox

–: E–.Om
–. 14
–:m#

.s8

.82

.6s

.65

:$

::

,.-.
.-L

_-
.....

—.

.-.82
-L k?
-L 22
-L 42
-L 62
-L 82
-L E

.15

.092

.050

.m

.m9
o

--

..-—--

.-.—-
-.—-

—....-.
--------
.-...+

..-----
.-..------- .-. —
.-—--——--—.
........ ......- .

.-—-—.

.. -.-—.
... ----
—-—..

-------
-.—...

. .
._..1-.

------
------

-------
----..-- ——-—

.---
%-24.6 ft s-26.4 ft

F,-SJ32h. m-o.% hql=o.m h.

.—.=

“-
—-—.

r --

MI-6.28in. P’=&&- In.J’,-L73 h m-am h.

%3 R,

0..

.79

.71

.00

.46

.31

:%
o

–. fro
-.135
-.095
-. w
o
0
—---
-----
----
--.--
-----
-.. —
--.--
-—--
--.--
--.--
—.—
----
--.--
---.-
—---
—-..
—---
-----
-----

B–m
on-) %3’

aol
.W
.14
.24
.34
.44
.64

i~
1.24

i%
L E-i

:2
2.44

–. 01
—.

2
~. 10
–. 16
—.20
—.
—.E
—.26
—.40
—.a
—.M

z:
-. 88
—.m’

‘m
ao2
.Cm
.12
.22
::
.m
.83

1.m
1.23
L 42

?Z

:E

EE
286

—.02
—.of!
—.

M
=.31
-. a

2%
-LOI
-L 21.
-L 41
–L 61
-L ~
–2 M
_--—
-----
-..--

%3
Q02
.07
.12
.22

:Z
.62
.82

;E
1.62

kg
252

—.03

:. E
—.24
—.a4
—.44
—.54
—.
—.R
—.w

–I. 01
-L 41
–L 61
-L 74
--..-

%3 R,

0.G7
.&
.7E
.72
.6s
.56

:E
.15

0
—. CM

z%
–. m
—. M
o
.99
.88
.81
.n
.59
.62
.44
.40
.m
::
.12
.M9
.C6e
.053

0
0

R,

afti
:E
::
.&-
.29
.25
:2
.16

..om
.M7
.022

0
0
.99
.07

. .m
.72
.O1
.71
:E
.87
.49
.88
.36
:2

.2a

.23
. ----
-_.--
.----

R,

a95
.90
.84
.71
.64
.55
.46
.35
.26
.20
.17
.13
. IL
.OM
.045
.OM

0.
0
.$9
.89

:E
.m

:E
.33
.28
.22
.15
.093

0
0
---.-
-----
—-..

R,

aen
.%
.67
.64
.44
.37
.n
.16
.12
.091
.045
.026
. m5

o
0
.W3
.76
;$

.41

.s ●

.23

.15
-z

-----
-----
-----
--.--
-----
-----
-----
-----
. . . . .
-----
. . . . .

R, R,
.>=
.=
---0..

.12

.la

.%

.28

.42

.63

i%
L13

?E

k:
z2a

—.m

::
-.
—.#
—.40
—.60
—.62

—7%
–1.20
–L40
—L m
-L so
-2 m
–2 241
–2EQ

0.02
.0s
.10
.15
.20
.25
.95
.45
.6s

i~
L25
L45
L65

—.01

2%
—.
—.%
-. 40
-.

E
-T.cd
-L 20
-L441
-L 60
-1.S0
-2 m
-2!M
-240
–260
-2s0
-am
-_.--
.----

aw
.95
.s6
.81

:;
.64
.6s
.41
.86
.17
.074

0
0
.Oi
.s9
.84
.78
:58
-64
:%

.m

.!23

.16

.18-

.0i9

.W

.Ma
0
.M2
.017

0
-----
. . . . .

am
.W
.12
.B
.23
.42
:E

t!!
L42
L66
kR
222
246

..---
—.. -
-----
-----
-----
---.-
----
. . ..-
—---
—---
—---
.-.--
.—. -
-----
-----
-._--
-----
-----
-----

mm
.07
.12
.%?
.82
.42
.62

1:%
LZ?
L 42
L72
202
282
2.62

04
z 10
—.

E
=31
—. 51
—. 69
—. 74
—. 80
—.. .
-----
-----
--- . .
.----
--. —
-----
-----
-----
-----
---.-

0.96
.S6
.76
.6f
.62
.42
.%
.24
.15

%5
.02?

o
0
.=
.79
.72
.62
.65
.49
.42
.24
.24
.22
.16
.lo
.0!0

o
-—--
-—--
—--
----
-—..
.—.-
---.-

IICB
.04
.09
.14

:2
.44
.64
.84

:H
Lt%

k:
244
274

~%
—-12

:%
—,42
—.62
—.

%
-102
-1.22
-L42
–1.62
–L82
–2 a?
–209
–222
-269
–271

0.90
.90
.a2
.76
.64
.51
.42
.22
.20
.17
. Is
.0i5
.LM1
.026

0
0
.96
.8s
.81
.69
.s9
.46
.89
.82
.27
.17

:&

:E
.025
.Cm
.020

0
0

:g
.ffl
.13
.22
-33
.4a
.63
.&3

M
1.43
L 62
L83

—. :
—.

2.:
—.

%
–L 01
–1.2f
-L41
-L 61
–L M
–201
–z m
-2 4f
–261
—---
-----
—-. .
-----
-----

a95
.92
.85
.a

%
.4a
.86
.24
.l!a

:%6
0
0
.92
.86
.76
.64
.67
.42
.22
.23
.22
.15
. H
.065
.E6
.Ila
.M3

o
.--—.
-----
-----
-----
----

.-
-.

: .:

..---
-----
-----
.....
-----

. -..-
----- -----

-

,
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TABLE 8.—LONGITUDINAL CORRELA!I’~ON COEFFICIENT

.

51-17.5n .— 3, -aioft

8-1.66 h.

,
#=o.97 in. u-a56 In.i’-o.47 fn. .u=2.m h. .

ah-q
(In.)

0.07
. lb
.m
.61

1:8
1.61
2ol
2.61
a of
3.m

“ 4.o1
;:;

–: m

:. R
—..23
—.48

–7 z
–1. 48
-1. w
-% 48
-2.98
-% 48
-3.88
-4.44
-4. %s

a–z,
(FL)

a-a
(h.)

.%!-s1
(In.) .

R.

0.96

:%
.70
.s3
.49
.M
.23
.14
.12
.m’5
.MU
.m

o
.Ui
.92
.s
.74
.m

::
.86
.23

:2
,10
;=

o

R. R, =-21

(h) R,

1
aw
.M
.82
.65
.X1
.M
.29
.18

-:5

.OM

.m
o
0
.91

:2
.77
.@l
.51
.$4
.24
.!n
.12
.ME
.G22

o
0

. . ~...
—. -.Uj

.72

.6a

:E
.17
.12
.10
.m
.040

0
.016
.m5.

o
.al
;g

.49

.44

. .s2

.23
:fi

.12

. la

.059

%%
.026

-.——

0.m
.U!
.@)
.&l

I:%
L 62

%%
;.

4.fo
4.50
.5.al
5. .!g

-.
-. Oa
—. .2a
-. 48

–7E
-1.48
-L W
:248
-2.98
+48
-3. w

-M
..:+% 49

aoa
.69
.15
.23
.88
.53

ii?
~g

M
*8J

am
4.22
&83
&83

-. 02

::
-.
-. n

-T U
–1. 49
–1. w
–a 49
-239
–&49
–2. ‘a
-4.69
-h 19
-5. @
-e. 19

0.07
.12
.22
.a.a
.52
.72
.92

1.12
1.32

, I:H
a 12
2.62
2.02
&52
402
L52

-. 02

::
-. m
-. 40
-. 50

–-i ~
-1.60
-a cd
–2. 50

. -&cd
-3.50
–3. 84
-4.24
-4.84
–6. 34

. . . . ..-.

afw
. ~6
:x

.70

:%
..38

.32

.27

.m

.17

:&
.064
.053
.050

0

:%
.82
.71

:!!
.s2
.22
. lb
.11
.mfl
.M5

:%
. Olb

o
0

aea
.83
.75
.89
.62
.56
.48
.42
.26
.34
,26

j

:Z
o
.97
.97

.:g

.02
.61
.67
.82
.24
.18
.13
.10
.10
.071
.028

0

am
.10
.al
.40
.60

1:n
1.50

::
am
3.50

t%
h(n)

-. M
-. 06
-.11
-.21
-. u

:%
-L n
-1.61
-k 01

~g

4.01

..-. .:
:_

. .

--------
.-.—--—
-..---.--

—.-.—
---—.
. .......
........

.........

..... ....
-------
--------
-.. .-—.-

-—-.. .
--------
--------
.-------
--------

——-.
----
... ..—.
——.
-- .....

-.. —.-
.-: -—.
.........

.........

......... .-------
F== - -

S1-!Z4.6 ft rl-24.5ft Z1=25.4ft
.:..

.=.
.-

fl-2.82 h f-8.01 h p8.e8in. P5.90 In,
-

R.m-xi
(in.)

ao6
.as
.16
. m
.51
.81

L 11
L 51
2.m
Z 61
2.01
a. 51
4.01

:%
–, 14
—,29
-. 49

–7. E
-1.49
-1. m
-2.49
-a 99
-a, 49

. . . . . . .

. . . -----

. .. -----

.. -- . . . .

..— —.

R,

-
R,

a-a
m)

acm

:!!
.211
.50

i%

k!!
am

““;HJ
—.co

:?!
–. 82
-.

.E
:7. M
-L 52
-2.02
-252
-8.02
-3.52
-4. G2
-4.52

R= ~;
-

acO
.10
.17
.22
.52

1:E
t L52

2.02
a52
ao2
3.52
4,02
L52

Y. 06
-.
—. %
-. 48

–Y E
-1.48
-1. ea
-% 48
-.3.09
-8. 4a
–a w
–k 48
:h w

—... ---

.

:.:
.%7
.78
.66
.52

:fi

:ti
.040
.019

0
.97
:WJ

.79

.65

.51

.39

. :%
.10
.a!u

o

0.98
.91
..86
.78
.67
.52
26
a

.?!

.10

.055
0
.97
.64

. #

.89
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